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Slowing of ssRb atoms with isotropic light
H. Batelaan, S. Padua, D. H. Yang, ' C. Xie, R. Gupta, and H. Metcalf
Physics Department, State University at Stony Brook, Stony Brook, New York 11790
(Received 25 August j093)
We have demonstrated the slowing of a rubidium atomic beam by isotropic monochromatic light.
The results agree with a model calculation, thus allowing its use for designing a practical isotropic
light slower. The large hyper6ne splittings of rubidium lead to natural multifrequency slowing,
which is also included in our model.
PACS number(s): 32.80.Pj, 42.50.Vk
I. INTRODUCTION
The ultimate goal for atomic-beam slowing and cool-
ing is the compression of the entire velocity distribution
of atoms in a beam as they emanate from a source to one
narrow peak at a desired low velocity. Although this goal
is far &om being reached at present, atomic-beam slow-
ers are commonly used for atomic clocks and for loading
of magneto-optical traps and optical molasses. Improve-
ments to atomic-beam slowers are therefore of current
interest. Recently slowing and cooling by white light [1]
and isotropic monochromatic light [2) have been demon-
strated to be promising new techniques.
In isotropic laser light, the resonance &equency u;f of
an atom moving at a velocity v will be matched by the
Doppler-shifted laser frequency when the wave vector k
of the light makes an angle 0 with the atomic velocity v":
isotropic, the atomic motion is directly opposed irrespec-
tive of its direction, while for slowing with a directed laser
beam using Zeeman (magnetically tuned) [3] and chirped
(frequency tuned) [4] compensation, only the longitudi-
nal velocity component of the atomic motion is opposed.
This major advantage prevents the atomic beam &om be-
ing transversely expanded (apart from spontaneous emis-
sions), in contrast to Zeeman tuned and chirped slowing.
In this article, we describe the application of the
isotropic light slowing technique to a rubidium beam
in order to test experimental techniques and a numer-
ical model for the slowing process. The resulting slowed
beam of cold atoms is enhanced by natural multi&e-
quency slowing [2], for which the rubidium atom has an
appropriate hyper6ne splitting of the excited state. The
carefully tested model is then used to calculate isotropic
slowing over an extended length.
M~f = (d) —kv cosO,
where ~~ is the laser frequency and i (f) indicates the
initial (final) state. For red detuned light (cu| —ur, y ( 0)
this resonance condition requires 8 ) vr/2, meaning that
the recoil caused by the absorbed photons opposes the
atomic motion and slows the atoms. Subsequent spon-
taneous emission does not exert a force on the atoms on
average. As the atoms are decelerated, they absorb light
f'rom a increasing angle 8 (angle tuned), until the max-
imum value of 8 (= vr) is reached. Because the light is
II. EXPERIMENT
A schematic view of our apparatus is shown in Fig.
1. A thermal beam of Rb is collimated to 10 mrad by
an aperture (Al) suspended from a cold trap and travels
through a slower made &om the diffusely reflective ma-
terial Spectralon [5]. The 20 cm long cylindrical slower
has an inner diameter of 3 mm and outer diameter of 2
cm. The reflectivity r of the material is speci6ed by the
DL3
oven Al spectral on
EOM
P
pJ
Ti:sapphire DL1
BS
FIG. 1. A schematic view of
the apparatus. An explanation
of its components is given in the
text.
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manufacturer to be 99.1%%uo. A beam from a Ti:sapphire
laser, split into two branches by a beam splitter (BS), en-
ters the tube via two 1 mm diameter holes situated 5 cm
&om each cylinder end. The laser light has a 1ine width
of & 1 MHz and is side locked to the Doppler broad-
ened 5S&~2 —+ 5P3~2 transition of Rb near A = 780 nm
with an accuracy of 6 50 MHz using absorption in a va-
por cell. Saturated absorption is used to calibrate the
Doppler broadened absorption spectrum frequency scale.
An electro-optical modulator (EOM) [6] divides the laser
power between the main laser frequency ui —2n'vi (Fig.
2) and two sidebands at ui 6 (2z' x 2.91 GHz). One
sideband (v2) counteracts optical pumping into a single
ground state hyperfine sublevel, while the other is not
used. Alternatively, we use the Ti:sapphire laser and a
Sharp model LTO25 diode laser (DL1) to provide two
&equencies, instead of the EOM.
The laser beam from another Sharp model LTO24
diode laser (DL3) is directed at an angle of 30' with the
atomic beam and intersects it downstream &om the end
of the Spectralon tube. This is used to the determine
the longitudinal velocity distribution by measuring the
intensity of the emitted fluorescence as a function of the
laser &equency. The saturated absorption signal &om
this laser also serves as a calibration of its frequency. A
beam from a frequency locked laser (DL2) perpendicu-
lar to the atomic beam cancels velocity selective optical
pumping eKects.
Two concave spherical mirrors (CM) collect the flu-
orescence [7,8] and focus it on a hybrid photodiode-
amplifier detector (PD) [9]. Stray laser light emanating
from the Spectralon tube is shielded from the detector
(aperture A2). We chop the side bands of the EOM at
500 Hz and subtract the gated signal from the gated back-
ground to reduce the noise markedly. This also means
that below an atomic velocity of 100 m/s the gated de-
tection affects the signal.
III. A MODEL CALCULATION
We assume that the initial longitudinal velocity distri-
bution of the atomic beam is thermal and given by [10]
y(v) ~ vse mo
—/zkgT (2)
where kgb is the Boltzman constant and T is the oven
temperature. The force on the atoms can be written as
Z(c) = f $ (n,R„c.p —II Rc,.p)dBg)&
p = hkcos8. (4)
The transition rate [11]from an initial (i) state to a final
(f) state is determined by
c,y = (2J, + 1)(2' + 1) Ff 1F;i f 7 (5)
Here the initial (final) state can be either the ground or
excited state. The lifetime r of the excited J, state (for
the 5 Pqy2 state of Rb) is 27 ns [12]; I = 5/2; Jg =
1/2; J, = 3/2;Fs = 2, 3;F, = 1, 2, 3, 4; and ( ) are
the usual 6-j symbols [13]. The photon scattering rate
R,y(z, v) is proportional to the convolution of the laser
&equency distribution I inside the tube and the atomic
line shape S;y(ur) associated with the transition from the
initial to the final state [14]
where the subscript g(e) indicates the ground (excited)
hyperfine levels, II indicates the steady state population,
and 0 [=(8,$)] indicates the direction from which an
atom absorbs light. The angle 8 is defined relative to
the direction of the atomic motion. The projection of
the recoil momentum of the atom p along its direction of
motion is given by
I'cA S;y(~)I;g(v, (u, 8)sx" 0
Fe 4 ~ Jl
Fe=3
Fe=2
Fe =1
V1 V2
52 124 MHz
63 MHz
29 MHz
where I' = 1/7 (= 2mx6 MHz) is the atomic linewidth
for ssRb and p(z) is the light energy density at position
z. In the atomic line shape
r~
S*~(~) =
(u) —ur;y) + I'
4J f = 4)f u; denotes the &equency difference between
the hyper6ne levels Ff and F;. Here I is the normalized
laser frequency distribution in the atomic rest &arne
Fg=3
3 GHz
I;y(v, (u, 8
1 r,
2dO,
4vrz (~ —~i + kv cos8)2 + I'& (8)
where I'~ is the laser linewidth.
The energy density p(z) is derived by an iterative pro-
cedure [15]. For a Lambertian refiector, which obeys
FIG. 2. A scheme of the relevant energy levels of Rb. J(o.) = Jocosn,
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where Jo is the incident laser power and J(cr) the re-
Bected power at an angle n with respect to the normal
of the reflector surface, a straightforward derivation for
a cylindrical geometry yields
t r, (1 —cosP)P„ z = r"
~
(z' —z)z + 2r2(1 —cosP)
~
xP„ i(z')r dPdz', n = 1, 2, ... (10)
for the power distribution P„of the nth reflection of the
laser light in the cylinder. The initial power distribution
is given by Po. For example, with one entrance hole at
z = 0 the total laser power P = Po(0) and Po(z g 0) = 0.
The length of the cylinder is L, the radius r, and the
reflectivity r. We have assumed that the power distri-
bution is symmetric in P. The total power distribu-
tion may be obtained by summing over all reflections,
P(z) = P„oP„(z). We can immediately calculate the
energy density from [10]
r4
~
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FIG. 3. Fraction of atoxns in the E~=3 state after the atoms
pass through the slower for oven temperatures of 170' (k) and
130' (~) is given. The line is the calculated result from the
rate equations for a 99/0 re6ectivity.
p(z) = 4P(z)/c
by assuming that the power distribution is isotropic. We
have verified analytically that for an infinite cylinder, for
which the surface is a homogeneous, Lambertian source
the power distribution is isotropic. These approximations
are motivated by the small radius over length ratio for
the cylinder.
In the force expression the steady state populations
II„IIg of the hyperfine levels as a function of the posi-
tion z are calculated by substituting R;f (z, v) in the rate
equations [11,16]. Obtaining from the calculated force
the final velocity of the atom vf for each initial velocity
v, , we obtain the final velocity distribution
(12)
expressing the conservation of atoms.
to strongly Doppler-shifted fluorescence &om all these
atoms that is prevented fxom escaping by multiple re-
flections in the tube. All velocity distributions presented
below were taken with an oven temperature of T = 130'
C where the atomic beam is not optically thick. The op-
tical pumping efBciency test is thus used as an atomic
calibration of the energy density inside the Spectralon
tube.
Still, roughly a factor of 4 discrepancy exists between
the measured and the calculated optical pumping effi-
ciency. An additional experimental test revealed the
source of the problem. Figure 4 shows the result of a
measurement of the relative light power that has difFused
to the outside of the tube as a function of position along
it. The experimental result for a Rb-exposed Spectralon
tube before and after cleaning were compared with the
result calculated from Eq. (10). The results for the rel-
ative light power were scaled appropriately. The drop in
IV. RESULTS
To test the effective laser power in the tube we mea-
sured and calculated the fraction of atoms optically
pumped &om the F~=3 into the F~=2 state as a func-
tion of laser power injected into the Spectralon tube.
We chose this fraction to be the ratio of the maxima of
the atomic velocity distribution with and without laser
power, and plotted the result in Fig. 3. The calculation is
the result of the time dependent rate equations [16] with
the isotropic photon scattering rate [Eq. (6)] for r=99%.
For an oven temperature of T = 130' C the density
of rubidium results in an estimated mean &ee path for
photons of 6 cm, while for an oven temperature of T=
170 C the mean free path is only 0.6 cm. On the other
hand, photons travel on average 2.5 cm before being ab-
sorbed by a tube with a 92% re6ectivity (see below) and
3 mm diameter. Therefore we attribute the decrease in
the optical pumping efficiency with increasing temper-
ature to the optical thickness of the atomic beam and
qp-1-
I
10
I I
20 30
position {mm)
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40 50
FIG. 4. Laser power measured as a function of position
along the external wall of the Rb-exposed Spectralon tube of
10 cm length before (D) and after (~ ) cleaning. The calcu-
lated power is given for r =99% ( .), 98% (—), 96% (———),
and 92'%%uo (— —. —). The results are scaled appropriately.
The laser beam enters the tube at the zero position.
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FIG. 5. The measured and calculated initial velocity dis-
tribution.
re6ectivity of the exposed tube corresponds to a factor
of 4 drop in intensity. In accordance with the atomic
calibration of the energy density, we used a factor 4 to
correct the laser power in all subsequent calculations for
the velocity distributions. The contamination of the sur-
face of the Spectralon tube could possible be reduced by
a carefully placed cold trap.
The measured Buorescence spectrum was used to de-
termine the velocity distribution, which has contribu-
tions &om each of the three accessible excited hyperfine
states. A given &equency of the detection laser corre-
sponds to three different detunings, which in their turn
via b;y —kv;ycos8 correspond to atoms with three dif-
ferent longitudinal velocities. In our case, the repump-
ing detection laser (DL2) was strongly saturating, while
the frequency ramped detection laser (DL3) was oper-
ated in the linear range, causing the relative strengths
of the different contributions to be proportional to c,f.
Taking these three corrections into account in our cal-
culated distributions gives excellent agreement with the
experimental result for the initial velocity distribution
(Fig. 5).
In Fig. 6 the difference between the final and initial ve-
locity distribution is shown. A negative value of this dif-
ference indicates that atoms have been removed, while a
positive value shows an increase in the number of atoms.
Figure 6(a) shows that atoms around 400 m/s have been
slowed to velocities around 150 m/s. The experimental
detuning bi (Fig. 2) is —190 + 50 MHz relative to the
E~=3 to F,=4 transition and the detuning used in the
calculation is —210 MHz. The EOM is driven at 2.91
+ 0.01 0Hz, which means that the detuning b2 relative
to the F~=2 to F,=3 transition is also —190 MHz. The
total laser power P = 100 mW and the ratio P of each
EOM sideband over carrier is P = 1. The vertical scale
is normalized to the height of the maximum of the initial
atomic velocity distribution, so that the peak of slowed
atoms [Fig. 6(a)] contains 2% of all the incident atoms.
The acceleration in the velocity distribution shown in
Fig. 6(b) has been measured under the same experimen-
tal conditions as in Fig. 6(a), except for a positive 190
MHz detuning. The presence of the double dip structure
can be mostly attributed to the E~=3 to F,=4 and to the
F~=3 to F,=3 transitions. The Doppler resonance con-
dition [Eq. (1)] is met for the Fs=3 to I",=4 transition
at 170 m/s and for the Is=3 to F,=3 transition at 280
m/s, which agree with the positions of the dips.
For negative detuning the Doppler resonance condi-
tion [Eq. (1)] is met for the Fs=3 to I',=4 transition
at 170 m/s and for the I"s=3 to I",=3 transition at 60
m/s. Since the interaction time is longer at low veloci-
ties, the slowing process is more efficient than the accel-
eration process, and the two peaks merge into one. This
is natural multifrequency slowing and is especially effec-
tive because of the appropriate hyperfine splitting of Rb.
It cannot be exploited in sodium [2], where the hyperfine
splitting is too small. Instead one must assist the angle-
tuned slowing with a stepwise change in laser &equency
(multifrequency slowing). The large excited state hyper-
fine splitting of rubidium provides this effect naturally.
The results in Figs. 6(c) and 6(d) have been mea-
sured for a ratio of EOM sideband over carrier P = 0.02.
For positive detuning the resonance condition (at 170
m/s) can only be met by the cyclic I's=3 to I",=4 transi-
tion. Therefore a weak repumping sideband is sufficient
to maintain the acceleration process. However, for neg-
ative detuning the Es=3 to F,=3 (and F~=3 to F,=2)
(c)
4.4 ' ~ a » 0
~
» +
~»
(ES)
P=a.O2
FIG. 6. The di8erence between the slowed
and initial atomic velocity distribution. The
experimental and calculated results show
agreement. The total laser power is P = 100
mW. (a) Natural multi frequency slowing,
8 = —190 6 50 MHz, P = 1. (b) Acceler-
ation showing two dips, b = 190 + 50 MHz,
P = 1. (c) Slowing disappears, 5 = —190+50
MHz, P = 0.02. (d) Acceleration remains,
8 = 190 + 50 MHz, P = 0.02.
iN $00 0 4N
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transition can excite atoms at 170 m/s due to angle tun-
ing. This means that a weak repumping sideband is not
sufficient to maintain the slowing process.
Finally, having established confidence in the numerical
model by the agreement with the measurements, we show
the result of calculations for a 20, 60, and 100 cm long
slower with a 500 mW input power (Fig. 7). In analogy
with the usual definition for the saturation parameter
s = 20 /I', where 0 is the Rabi frequency, we define
s = 2(cs,Rs, )z/I'z. For the 100 cm slower a 500 mW
input, this amounts to 8 = 12.5 at the position where
the laser light enters the slower for atoms moving at a
100 m/s velocity. At the end of the tube s ( 1. For
the 20 cm slower the atoms are saturated throughout the
slower. This explains why the slowed peak increases with
increased length of the slower. Below saturation this does
not occur. We also point out that the broad slowed peak
for the 20 cm slower has been compressed by the natural
multihequency slowing for the 100 cm slower. Note that
the fraction of atoms around 50 m/s has increased by a
factor of 100 over the initial distribution. Because this
strong increase shows promise for important applications
of this technique, we are currently building an extended
length slower.
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FIG. 7. Calculated initial (solid line) and final atomic ve-
locity distributions for b = —75 MHz, P = 500 mW, @=92'Fp,
P = 0.5, and the EOM is driven at 2.97 GHz. The lengths
of the slower are 20 cm ( ), 60 cm (———), and 100 cm
(—. —. —). The largest slowed peak at 50 m/s contains
25% of all incident atoms.
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